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A b s t r a c t  
A study of combined effects of valley-weathering and valley-shape-
ratio on the ground motion characteristics and associated differential 
ground motion (DGM) is documented in this paper. In order to properly 
quantify the weathering effects, a forth-order-accurate staggered-grid 
viscoelastic time-domain finite-difference program has been used for the 
simulation of SH-wave responses. Simulated results revealed that the de-
focusing caused by valley is frequency-independent in contrast to the 
ridge-focusing. A decrease of average spectral amplification (ASA) with 
an increase of shape-ratio of the non-weathered triangular and elliptical 
valleys was obtained. Overall, the amplification and de-amplification 
pattern was larger in case of triangular valleys as compared to the ellipti-
cal valleys. It can be concluded that the dwelling within or near the top-
corners of weathered valleys may suffer more damage as compared to 
their surroundings. A weathered triangular valley with large shape-ratio 
may cause unexpected damage very near its top-corners since both the 
ASA and DGM are largest. 
Key words: viscoelastic time-domain response of valleys, finite-
difference method, weathering and valley-shape-ratio effects, local site 
effects. 




This research work is stimulated with the changing structural scenario in the 
hilly areas. There is day by day increase of dwelling as well as the number of 
mega structures such as dams, bridges, and other life-lines across the valleys 
in the hilly areas. These mega structures may be subjected to non-uniform 
ground motions due to the spatial variability in ground motion caused by the 
valley topography. The earthquake records, post earthquake damage surveys, 
and simulations have revealed a ground motion amplification at the ridge top 
and de-amplification at the trough of a valley (Geli et al. 1988, Kawase and 
Aki 1990, Pedersen et al. 1994, Spudich et al. 1996, Narayan and Rai 2001, 
Narayan and Prasad Rao 2003, Narayan 2003, Kamalian et al. 2006). How-
ever, relatively less attention is given to the valley effects on the ground mo-
tion characteristics, may be due to the de-amplification of ground motion in 
the valleys. But theoretical studies have revealed that a valley may cause 
large ground motion amplification near its edges (Sextos et al. 2003, Zhou et 
al. 2010, Gao et al. 2012). The de-amplification and amplification patterns 
across a valley along with the geometry of the valley itself may cause intense 
differential ground motion (DGM). The DGM developed along the synclinal 
part of the valley may adversely affect the structures situated in valleys since 
it induces significant additional stresses in the structures as compared to the 
ones induced if the motions at the supports were considered to be identical. 
The extended structures across the valleys like dams, bridges, and other life-
lines are largely affected by the DGM caused by the valley topography. So, 
the rapid development of long-span structures in the hilly areas calls for the 
quantification of amplification and de-amplification and DGM across the 
valley for the cost effective earthquake engineering. 
In the past, seismic responses of homogeneous valleys of various shapes 
and size (triangular, U-shaped, trapezoidal, semi-sine, semi-circular, semi-
elliptical, semi-cylindrical, etc.) have been simulated for the incident SH, SV, 
and P waves using different methods like Aki–Larner method, finite-
difference (FD) method, finite-element methods, boundary element methods, 
and hybrid methods (Trifunac 1972, Wong 1982, Bouchon 1985, Hirai 1988, 
Sánchez-Sesma and Campillo 1991, Nguyen and Gatmiri 2007, Tsaur and 
Chang 2008, Gao et al. 2012). As far as we know, there are only few studies 
on the effects of valley-weathering on the ground motion characteristics. 
Zhao (2009, 2010) simulated the P- and SV-wave response of a weathered 
V-shaped valley for different weathering velocity and single shape-ratio us-
ing coupled method of finite and dynamic infinite-elements. Further, the 
weathering considered by Zhao (2010) was only along the slant part of the 
valley, although weathering thickness may be even larger on the horizontal/ 
gentle-slope part of the valley. It seems that almost no work is carried out to 
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quantify the combined effects of valley-weathering and valley-shape-ratio on 
the ground motion amplification and DGM across the valley. 
This paper presents the combined effects of valley-shape, valley-shape-
ratio, and the valley-weathering on the amplification of the SH wave as well 
as the DGM along the valley-flanks in details. It is verified whether valley 
de-amplification is frequency dependent or frequency independent. Snap-
shots at different moments are also computed to infer reflections from 
curved part of the valley, diffractions from the top corners of the valley, and 
the amplification patterns. A forth order accurate SH-wave time-domain vis-
coelastic FD program developed by Narayan and Kumar (2013) was used to 
simulate the responses of various considered models. 
2. SALIENT  ASPECTS  OF  THE  USED  FD  COMPUTER  PROGRAMS 
A fourth order accurate SH-wave FD program developed by Narayan and 
Kumar (2013) is used for the simulation of responses of various valley mod-
els. This computer program is based on the staggered grid FD approximation 
of the viscoelastic SH-wave equations for the heterogeneous medium with 
a variable grid-size. The frequency-dependent damping in the time-domain 
FD simulations is incorporated based on the well known Generalized Max-
well Body Emmerich and Korn (GMB-EK) rheological model (Emmerich 
and Korn 1987). A material independent anelastic function developed by 
Kristek and Moczo (2003) was used since it is preferable in case of material 
discontinuities in the FD grid (Narayan and Kumar 2013, 2014). The effec-
tive value of the unrelaxed modulus of rigidity u and the density  at the de-
sired motion in a grid cell is obtained using the harmonic and arithmetic 
means, respectively, to incorporate the material discontinuity (Moczo et al. 
2002, Narayan and Kumar 2008). An improved vacuum formulation pro-
posed by Zeng et al. (2012) is used as a free surface boundary condition. 
Zeng et al. (2012) reported that the improved vacuum formulation fully sat-
isfies the free surface boundary condition by using an appropriate combina-
tion of the staggered-grid and a parameter averaging scheme proposed by 
Moczo et al. (2002). Both the sponge boundary condition of Israeli and  
Orszag (1981) and absorbing boundary condition of Clayton and Engquist 
(1977) were implemented on the model edges to avoid the edge reflections 
(Kumar and Narayan 2008). 
3. VALLEY  EFFECTS 
It is well documented that the ground motion amplification caused by the 
ridge-focusing is frequency dependent (Geli et al. 1988). To find out 
whether valley-defocusing is frequency dependent, the SH-wave response of 
an elastic triangular valley (TRV) was computed using the incident horizon- 
 
 VALLEY  WEATHERING  AND  SLOPE  EFFECTS  ON  SH-WAVES 
 
157 
Fig. 1. Triangular (a), trapezoidal (b), and elliptical (c) valley models. 
tal plane SH-wave front. Figure 1a shows a cross-section of a TRV model. 
The S-wave velocity and density for elastic rock are given in Table 1. The 
width and depth of the TRV model were taken as 360 and 350 m, respec-  
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Table 1  
Rheological parameters for the elastic and viscoelstic rock 
and the visoelastic weathering material 
Materials 
Velocity and quality 








Elastic rock 1200 – 2200 3.168 
Viscoelastic rock 1200 120 2200 3.240 
Viscoelastic weathering 600 60 2000 0.733 
 
tively. A plane horizontal SH-wave front was generated using various point 
sources at a depth of 0.50 km with respect to the trough of the TRV model. 
The shear stress ZY in the form of a Ricker wavelet was used to generate the 
point sources along a horizon. The used Ricker wavelet with 4.0 Hz domi-
nant frequency has a considerable spectral amplitude in the frequency band 
of 0.0 to 10.0 Hz. Time step and grid size were taken as 0.0005 s and 2 m, 
respectively. Seismic responses along the free surface were computed at 37 
equidistant (20 m apart) receiver points extending from 360 m left to the 
360 m right of the axis of the TRV model. Figure 2a depicts the SH-wave re-
sponse of the elastic TRV model. The incident SH wave and diffracted SH 
wave are very clearly visible on the receiver points in the valley as well as at 
the free surface. Analysis of this figure shows that the SH-wave characteris-
tics are highly affected by the presence of the valley. On an average, a de-
crease of amplitude of the incident SH wave towards the trough of valley can 
be inferred. The diffracted waves from the top corners of the valley and de-
focusing caused by the valley topography may be responsible for the ampli-
tude variation along both the inclined and the horizontal flanks of the TRV 
model. Very large amplitude at the receivers’ points very near the top-edges 
of valley may be due to interference of the incoming and diffracted waves. It 
means the response very near the top-edge of the valley cannot be used as 
a reference trace for the computation of topographic amplifications. In order 
to avoid the aforesaid problem, seismic response without considering the 
valley in the model was used for the computation of spectral amplifica-
tion/de-amplification caused by the valley (Boore 1972, Lee et al. 2009). 
A comparison of the SH-wave response of a model without valley with the 
response at the tough of the elastic TRV model is shown in Fig. 2b. This fig-
ure clearly depicts the decrease of amplitude of incident SH wave (first arri-
val) due to the valley de-focusing. The diffracted SH waves from the top 
corners of the valley are also visible as the second arrival. 
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Fig. 2: (a) SH-wave response of elastic TRV model, (b) response at the trough of 
valley and free field, and (c) spectral amplification with and without diffracted 
waves. 
In order to infer whether valley de-focusing is frequency dependent or 
not, the spectral amplification was computed at the trough of the valley 
without considering the diffracted SH wave. Before computing the FFT of 
the trace recorded on the trough of valley for computation of spectral ampli-
fication, the diffracted waves were removed manually. Figure 2c depicts the 
spectral amplification at the trough of the valley with and without consider-
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ing the diffracted waves. The computed spectral amplification without con-
sidering the diffracted wave reveals that the valley de-focusing is frequency-
independent in contrast to the ridge-focusing (Geli et al. 1988). On an aver-
age, the amplification factors for all the considered frequencies are more or 
less equal to 0.58 at the valley-trough. The analytically computed SH-wave  
 
Fig. 3. A comparison of spectral amplification in case of elastic and viscoelastic  
responses of TRV model. 
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amplification at the trough of the triangular valley is also equal to 0.58  
(Faccioli 1991). An excellent match of numerically computed amplification 
with the analytical one also reflects the accuracy of the used modified vac-
uum formulation as free surface boundary condition (Zeng et al. 2012). On 
the other hand, the spectral amplification is highly varying with frequency if 
diffracted waves are considered (Fig. 2c). The frequency independent de-
focusing was also reported by Kumar and Narayan (2013) based on the 
analysis of response of an anticlinal unbounded basement topography. So, it 
can be concluded that the de-amplification caused by the valley-de-focusing 
is frequency independent in contrast to the amplification caused by the ridge-
focusing (Geli et al. 1988).  
In order to infer the material damping on the spectral amplification, 
seismic responses of the viscoelastic valley model were also computed. The 
phase velocity and quality factor at a reference frequency, density and unre-
laxed modulus of rigidity in the viscoelastic rock are given in Table 1. 
A comparison of spectral amplification at different location along the cross-
section of the valley in case of elastic and viscoelastic response is shown in 
Fig. 3. The analysis of Figs. 2c and 3 reveals that the cause of ups and downs 
in spectral amplification pattern is the presence of diffracted waves and its 
effect if decreasing with an increase of distance from the top-edges of the 
valley. However, it is surprising to note that the spectral amplification is 
consistently increasing with an increase of frequency in case of elastic re-
sponse very near the top-edges of the valley (Fig. 3d). The maximum ampli-
fication in case of viscoelastic response is 1.5 at 10 Hz.  
4. SH-WAVE  SNAPSHOTS 
In order to demonstrate the behaviour of incident SH wave along the flanks, 
bottom and top edges of the elliptical valley, snapshots were computed at 
different times. Snapshots were computed in a rectangular area extending 
20 m above to 480 m below the free surface 540 m south to 540 m north of 
axis of elliptical valley. The snapshots at times 0.54 and 0.62 s (Fig. 4a, b) 
depict that the SH-wave front has entered in the considered rectangular area 
and the outline of the valley is being reflected. The propagation of incident 
SH wave towards the free surface can also be inferred. Figure 4c-f shows the 
splitting of the incident SH-wave front, the reflection from the flanks of the 
valley and the diffraction at the trough. Further, the reflected SH waves from 
the flanks of the valley are not propagating towards the free surface. Fig-
ure 4g clearly depicts the amplitude build-up very near the top corners of the 
valley. The reflected SH wave from the free surface and the diffracted SH 
wave from the top edges of elliptical valley and their propagation can be 
very clearly inferred from Fig. 4h-l. 
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Fig. 4. SH-wave snapshots for elliptical valley at different moments (note: amplitude 
variation in scale is in cm). 
5. EFFECTS  OF  VALLEY  SHAPE 
To study the effects of shape of the valley on the amplification pattern, SH-
wave responses of viscoelastic triangular valley (TRV), trapezoidal valley 
(TPV), and an elliptical valley (ELV) models were computed. The shape-
ratio for the viscoelastic TRV, TPV, and ELV models was the same as given 
in Fig. 1. The shape-ratio is the ratio of depth of valley with the half-width of 
the valley-mouth. The S-wave velocity and quality factor at a reference fre-
quency (1.0 Hz), density and unrelaxed modulus of rigidity are given in Ta-
ble 1. Further, relaxation frequencies were taken as 0.02, 0.2, 2.0, and 
20.0 Hz for the computation of anelastic coefficients and anelastic functions 
(Narayan and Kumar 2013). The other model parameters and source receiver 
configuration were the same as in the previous case. Figure 5a-c shows the 
seismic responses of the TRV, TPV, and ELV models, respectively. Analy-
sis of Fig. 5 reveals that both the de-focusing effect at the valley-troughs and 
diffractions from the top corners are greater in case of the TRV model and 
least in case of the ELV model. The seismic responses of the TRV and TPV 
models seem to be almost similar, except of the amplitude de-amplification  
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Fig. 5. SH-wave response of: triangular (a), trapezoidal (b), and elliptical (c) valleys; 
and comparison of ASA caused be considered valleys (d). 
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along the flanks of the valleys. Figure 5d depicts a comparison of average 
spectral amplification (ASA) caused by the TRV, TPV, and ELV models. 
The ASA at troughs of the TRV, TPV, and ELV models are 0.62, 0.9 and 
0.9, respectively. Similarly, the largest value of ASA very near the top edges 
(at an offset of 20 m) of the TRV, TPV, and ELV models are 1.45, 1.43, and 
1.21, respectively. In case of ELV model, the ASA is larger at the trough of 
the valley as compared to the ASA along the slant part of the valley. Even, 
there is minor decrease of ASA from trough towards the top of the valley. 
The TRV model with a least surface area has the largest amplification at the 
top-edges and least amplification at the trough. It is also inferred that for an 
equal shape-ratio, the valley de-amplification pattern along the synclinal part 
is very much dependent on the shape of the valley. It may be concluded that 
for an equal shape-ratio, the valley de-amplification at the trough and ampli-
fication at the top-corners are larger for the valley whose surface area is less. 
6. EFFECTS  OF  SHAPE-RATIO  OF  NON-WEATHERED  VALLEY 
In order to study the effects of valley shape-ratio on the ground motion char-
acteristics, SH-wave responses of non-weathered triangular valley STRV1-
STRV4 and elliptical valley SELV1-SELV4 models with different shape-
ratio are computed. Both triangular and elliptical valleys have a fixed depth 
of 350 m and varying widths as 234, 180, 140, and 116 m, respectively. So, 
valley-shape-ratios for the STRV1-STRV4 or SELV1-SELV4 models are 
1.49, 1.94, 2.50, and 3.02, respectively. The SH-wave responses of the non-
weathered STRV1-STRV4 models (left panel) and SELV1-SELV4 models 
(right panel) are shown in Fig. 6. An increase of valley de-focusing at the 
trough and diffractions from the top-edges of the valleys can be inferred with 
an increase of shape-ratio. The amplitude of diffracted SH waves is less in the 
SELV models as compared to the respective STRV models. 
6.1  Spatial variation of ASA for the non-weathered valley 
Figure 7a, b shows a comparison of spatial variation of ASA with the shape-
ratio for the non-weathered triangular and elliptical valleys, respectively. An 
analysis of this figure very clearly reveals a decrease of ASA (increase of de-
amplification) with an increase of shape-ratio in both the valley models for 
the considered models parameters and the frequency range. The ASA is least 
at the trough and largest at the top-corners of both the valley models. Fur-
thermore, the obtained largest amplification near the top-corners of both the 
valley models is increasing with decrease of shape ratio. However, the ASA 
in the synclinal part of the elliptical valley is more or less same everywhere 
in contrast to the triangular valleys, where there is an increase of amplifica- 
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Fig. 6. SH-wave response of triangular and elliptical valleys with different shape  
ratio. 
tion towards the top-corners. Finally, it can be concluded that the de-amplifi-
cation at the trough and amplification at the top-corners of the STRV models 
are larger than that caused by the SELV models. 
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Fig. 7. Spatial variation of average spectral amplification of: STRV (a), SELV (b), 
WSTRV (c), and WSELV (d) models. 
6.2  Spatial variation of DGM for the non-weathered valley 
To quantify the effects of the shape-ratio on the DGM developed by the SH 
wave along the non-weathered flanks of the STRV and SELV models, re-
sponses were computed on another array with 29 equidistant (10 m apart 
horizontally) receiver points extending from 0 to 280 m leftwards of the val-
ley-axis. Figure 8 shows the STRV model with the positions of source and 
receiver array. Further, before computing the DGM, all the traces were nor-
malized with the maximum amplitude in the response of a model with no 
valley in the model, so that the computed DGM corresponds to the DGM 
caused by unit amplitude of the incident SH wave. The distances between 
two consecutive receiver points along the valley-flanks were computed con-
sidering the shapes of the various considered valley-models. Figure 9a-d 
shows the computed DGM for the STRV1-STRV4 models (left panel) and 
SELV1-SELV4 models (right panel), respectively. Near the edges of the val- 
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Fig. 8. Triangular valley model with the position of point sources to generate a plane 
wave front, air above the free surface, and a new array with 29 equidistant (10 m 
apart) receiver points. 
leys there is sudden increase and decrease of DGM. Further, DGM can also 
be inferred even on the horizontal flanks of the valleys caused by the dif-
fracted waves. Figure 10a, b depicts the spatial variation of the peak DGM 
developed by the SH wave along the flanks of the non-weathered triangular 
and elliptical valleys. The peak DGM at the trough of the triangular STRV1-
STRV4 valley models are of the order of 9.87 × 10–5, 1.11 × 10–4, 1.13 × 10–4, 
and 1.08 × 10–4, respectively for 1.0 cm amplitude in the incident SH wave. 
Similarly, the peak DGM at the trough of the elliptical SELV1-SELV4  
valley models is of the order of 1.88 × 10–5, 2.44 × 10–5, 4.0 × 10–5, and 
4.0 × 10–5, respectively. Further, the largest DGMs caused by the triangular 
STRV1-STRV4 valleys are of the order of 2.92 × 10–4, 2.89 × 10–4, 2.58 × 10–4, 
and 2.56 × 10–4, respectively, very near to the top of the valleys. Similarly, 
the largest DGMs caused by the elliptical SELV1-SELV4 valleys are of the 
order of 2.29 × 10–4, 1.82 × 10–4, 1.8 × 10–4, and 1.48 × 10–4, respectively, very 
near to the top of the valley. Analysis of Fig. 10a, b depicts that the DGM is 
increasing with shape-ratio at the trough and decreasing with shape-ratio at 
the top-corners of the considered valleys of both types. There may be three 
possible reasons behind the sudden increase and decrease of DGM very near 
the edges of the valleys. The first one is the longer offset along the slant part 
of the valley as compared to the horizontal flanks. The second reason is the 
sudden increase of ground motion near the top corners of the valley (around  
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Fig. 9. Differential ground motion (DGM) for different STRV and SELV models. 
20 m away from the top corners). The third reason may be the more or less 
simultaneous arrival of the incident plane wave front on the receiver point on 
the horizontal flanks and different arrival times on the slant part of the val-
ley. Overall, the DGM developed by the triangular valleys are larger than 
that developed by the elliptical valleys.  
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Fig. 10. Spatial variation of peak DGM for: STRV (a), SELV (b), WSTRV (c), and 
WSELV (d) models. 
7. EFFECTS  OF  THE  SHAPE-RATIO  OF  WEATHERED  VALLEY 
In order to study the combined effects of valley-weathering and the shape-
ratio on the ground motion characteristics, SH-wave responses of both the 
triangular weathered WSTRV1-WSTRV4 models and elliptical weathered 
WSELV1-WSELV4 valley models were simulated. All the weathered-valley 
models have weathering thickness of 30 m on both the slant and the horizon-
tal flanks. Further, the shape-ratios of the WSTRV and WSELV models 
were same as the corresponding STRV and SELV models, respectively. The 
S-wave velocity and quality factor at a reference frequency (1.0 Hz), density, 
and unrelaxed modulus of rigidity for both the viscoelastic weathering and 
rock are given in Table 1. In order to quantify the combined effects of shape-
ratio and valley-weathering, seismic responses without considering the val-
ley but a weathering of thickness 30 m were also simulated. 
J.P. NARAYAN  et al. 
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7.1  Spatial variation of ASA for the weathered valley 
Figure 7c, d shows a comparison of spatial variation of ASA with the shape-
ratio for the weathered triangular and elliptical valleys, respectively (please 
note that the amplification is computed with respect to a model containing 
a horizontal weathered layer over the half-space). An analysis of these fig-
ures reveals a very complex ASA pattern with shape-ratio. On an average, 
there is amplification of ground motion everywhere in both the weathered 
triangular and elliptical valleys, except at the trough of the triangular valleys. 
A comparison of amplification patterns of weathered and non-weathered tri-
angular valleys depicts that the amplification on the horizontal flanks of the 
weathered valley is greater than the non-weathered valley. An increase of 
amplification with shape-ratio near the top-corners of the triangular valley 
can be inferred in contrast to the non-weathered triangular valleys. On the 
other hand, amplification levels on the horizontal flanks of the weathered 
and non-weathered elliptical valleys are comparable. So, it may be con-
cluded that weathering has caused amplification of ground motion along the 
synclinal part of both the triangular and elliptical valleys, except at the 
trough of triangular valley. Further, a considerable amplification on the hori-
zontal flanks of both valleys was obtained. In case of triangular valleys, 
ASA was even larger than the non-weathered triangular valleys. 
7.2  Spatial variation of DGM for the weathered valley 
Figure 11a-d shows the DGM developed by the SH wave in case of the 
weathered WSTRV1-WSTRV4 models (left panel) and weathered 
WSELV1-WSELV4 models, respectively. Analysis of Fig. 10 reveals an in-
crease of DGM with an increase of shape-ratio on the slant flanks of both the 
valleys. In contrast, a decrease of DGM on the horizontal flanks of both 
types of valleys with an increase of shape-ratio can be inferred. It appears 
that in case of weathered elliptical valleys trapping of waves in the weather-
ing has developed Love waves, which is very clear in case of WSELV1 
model. Figure 10c, d depicts a comparison of the spatial variation of the peak 
DGM for the weathered WSTRV and WSELV models, respectively. Analy-
sis of these figures reflects an increase of peak DGM in both the WSTRV 
and WSELV valleys with an increase of shape-ratio and is larger than that 
caused by the corresponding non-weathered valley models (Fig. 10a, b). The 
large peaks and troughs in peak DGM near the top corners may be due to 
valley shape-effect. The peak DGM in case of WSELV models is compara-
ble to that in case of WSTRV models for larger shape-ratio, but lesser in 
case of small shape-ratio.  
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Fig. 11. Differential Ground Motion (DGM) for different WSTRV and WSELV 
models with 30 m weathering thickness. 
8. CONCLUSIONS 
Based on the comparison of simulated result with analytical one (Faccioli 
1991), it is concluded that the de-focusing caused by the valley is frequency-
independent, in contrast to the focusing caused by ridge/hill, which is fre-
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quency dependent (Geli et al. 1988). Furthermore, the valley causes amplifi-
cation of all the frequencies very near its top-corners. It is also inferred that 
for an equal shape-ratio, the valley de-amplification at the trough and ampli-
fication at the top-corners are larger for the valley whose surface area is 
smaller. A decrease of the spatial variations of the average spectral amplifi-
cation (ASA) for both the non-weathered triangular and elliptical valleys 
was obtained with an increase of the shape-ratio. There is minor decrease of 
ASA from trough to the top of the non-weathered elliptical valleys, in con-
trast to the non-weathered triangular valleys. Both de-amplification at the 
trough and amplification near the top-corners is larger in case of the non-
weathered triangular valleys as compared to the non-weathered elliptical val-
leys. It may be concluded that weathering has caused amplification of 
ground motion along the synclinal part of both the triangular and elliptical 
valleys, except at the trough of triangular valley. Further, a considerable am-
plification on the horizontal flanks of both the valleys was obtained. In case 
of triangular valleys, ASA was even larger than in the non-weathered trian-
gular valleys. A weathered triangular valley with large shape-ratio may 
cause unexpected damage very near its top-corners since both the ASA and 
DGM are the largest. 
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